Abstract: An experimental analysis of the role of surface roughness parameters on micropitting and the succeeding rolling contact fatigue (RCF) of silicon nitride against AISI 52100 steel under lubricated conditions was performed. In accelerated fatigue tests using a four-ball tester, the arithmetic mean, root mean square, and peak-to-valley roughnesses of silicon nitride surfaces varied, while the roughness of the steel surface was unchanged. The correlation between the fatigue life and roughness parameters for silicon nitride was obtained. The peak-to-valley roughness was the roughness parameter that dominantly affected the RCF life of silicon nitride. The micropitting of surfaces leading to fatigue intensified as the roughness was increased. Extensive micropitting was observed on the rolling track beyond the trailing edge of the spall region in the circumferential direction.
Introduction
Silicon nitride has been studied as a candidate bearing material for satisfying extreme speed and loading conditions in aerospace and energy applications. The low density, high thermal stability, corrosion resistance, and high hardness of silicon nitride (Si 3 N 4 ) is critical for achieving high DN values (bearing bore diameter multiplied by the rotational speed) in emerging hybrid bearing applications [1] . Advanced manufacturing processes, such as hot isostatic pressing (HIP), permit almost impurity-free densification and produce silicon nitride with a density that approaches the theoretical value that results in good fracture toughness and surface hardness [2, 3] . High quality Si 3 N 4 rolling elements produced by HIP have also exhibited a rolling contact fatigue (RCF) life that is several times longer than that of steel and fail in non-catastrophic fatigue spalling or delamination modes [4] . The RCF in concentrated contacts, such as rolling bearings, is either near-surface-initiated or subsurface-initiated [5] . In the near-surface-initiated RCF, the surface roughness has a profound effect on the fatigue life-especially at low lambda (λ), which is the ratio of film thickness to composite surface roughness [6, 7] . Various parameters, such as arithmetic mean roughness R a , root mean square roughness R q , maximum valley depth R v , maximum peak height R p , and peak-to-valley roughness R z , are commonly used to describe the amplitude characteristics of the surface topography and asperities. However, some of the roughness parameters, such as R a and R q , which are widely used in various engineering applications, contain averaged-out information on local surface features that potentially affect the RCF life [8] . The RCF studies on ceramic/ceramic material combinations have shown that amplitude roughness parameters related to the valley depth are important in fatigue life [9, 10] . The significance of a new roughness parameter, "valley sharpness R s ", which showed
Materials and Methods

Materials and Surface Conditions
The original silicon nitride balls were grade 5 Toshiba TSN-03H ball blanks. Steel balls were made from grade 10 AISI 52100 steel. The race in which the steel balls were rotated was also made from AISI 52100 steel. Material specifications are provided in Table 1 . The lubricant was Mobil SHC 626 with a viscosity of 66 cSt at 40 • C, measured per ASTM D 445. The silicon nitride balls were then polished in the laboratory to various surface finishes. The process involved polishing a group of samples from five different sets that were then examined by non-contact profilometry for characterization. The surface profiles and the corresponding surface roughnesses of samples were obtained with the Universal 3D profilometer from Rtec Instrument Inc. The results are presented in Table 2 and the surface images are shown in Figure 1 . Due to the spherical shape of the surfaces, the global bow removal feature of the Universal 3D profilometer's software was utilized to obtain the images in Figure 1 . The measured R a roughness of AISI 52100 steel balls was 35 nm in all tests. Table 2 .
Tester and Test Procedure
A modified Koehler Inc. four-ball tester-capable of operating at 10,000 rpm maximum rotating speed and 10,000 N maximum normal load-was used to conduct the accelerated RCF tests. The ball configuration and geometry are shown in Figure 2 . A single-ended compression (SEC)-type piezoelectric accelerometer was used to detect vibration during the RCF tests. Vibrations exceeding a set level indicated the surface fatigue associated with the formation of the first large spall on the surface and resulted in automatic shutdown of the tester. The set vibration level was chosen based on the results at the onset of spalling in silicon nitride balls in pilot RCF tests. A gravity-fed lubrication supply system with suction return ensured that contacts were lubricated and return oil was filtered before re-entering the supply reservoir. Inline filters were used to prevent wear particles or other particles from entering the supply tank. Also, a 150 W Proportional Integral Derivative (PID)- Table 2 .
A modified Koehler Inc. four-ball tester-capable of operating at 10,000 rpm maximum rotating speed and 10,000 N maximum normal load-was used to conduct the accelerated RCF tests. The ball configuration and geometry are shown in Figure 2 . A single-ended compression (SEC)-type piezoelectric accelerometer was used to detect vibration during the RCF tests. Vibrations exceeding a set level indicated the surface fatigue associated with the formation of the first large spall on the surface and resulted in automatic shutdown of the tester. The set vibration level was chosen based on the results at the onset of spalling in silicon nitride balls in pilot RCF tests. A gravity-fed lubrication supply system with suction return ensured that contacts were lubricated and return oil was filtered before re-entering the supply reservoir. Inline filters were used to prevent wear particles or other particles from entering the supply tank. Also, a 150 W Proportional Integral Derivative (PID)-controlled heater and sensing thermocouple allowed control of the test temperature to be maintained. The initial test temperature was set to 50 • C, which was kept constant during tests. The combination of the PID-controlled heater and the lubricant circulation allowed for a constant test temperature despite frictional heating at the points of contact. A data acquisition system collected data on the operating temperature, rotational speed, normal load, and frictional torque. The initial test temperature was set to 50 °C, which was kept constant during tests. The combination of the PID-controlled heater and the lubricant circulation allowed for a constant test temperature despite frictional heating at the points of contact. A data acquisition system collected data on the operating temperature, rotational speed, normal load, and frictional torque. RCF tests were conducted in accordance with the IP-300 standard. The normal load at the point of contact ( ) was calculated with the equation as follows:
where P was the applied machine load and φ was 40.56° for the loading configuration in the tester. The machine load was 2200 N, which corresponded to a contact stress of approximately 7 GPa at the point of contact. The upper ball was silicon nitride with varied roughness. The three lower planetary balls and the race were AISI 52100. The point of contact was 1.96 mm above the surface of the lubricant and, as such, the lubricant did not flood the contact point. Instead, the rolling lower balls carried the lubricant into the contact point with the upper silicon nitride ball. Therefore, the reduced film thickness for a circular contact between spheres was used [23] . The film thickness ratio was calculated to be less than 1 (for all experiments). The RCF tests were concluded when the first spalling of the upper silicon nitride ball was detected by the accelerometer. In the event of fatigue of any planetary lower balls, their fatigue life was recorded, and the fatigued planetary ball was replaced. The test would then continue with the previously used, undamaged upper ball. This step was repeated until eventual fatigue of the upper ball, at which point the test series was concluded. The race was also inspected intermittently for fatigue damage and replaced if necessary.
The applicability of the RCF life results using a four-ball tester to the real bearing applications has been addressed in the literature by multiplying them by a stress cycle factor. The stress cycle factor was calculated to be 2.25 for a four-ball tester that uses balls with a diameter of 12.7 mm [24] . In another experimental study, a factor of 6 was determined for the same four-ball tester [25] . Since this paper compares the RCF life of the top silicon nitride balls with various roughness parameters, the stress cycle factor does not affect the comparison and is not considered in the representation of the fatigue life results. RCF tests were conducted in accordance with the IP-300 standard. The normal load at the point of contact (P c ) was calculated with the equation as follows:
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where P m was the applied machine load and ϕ was 40.56 • for the loading configuration in the tester. The machine load was 2200 N, which corresponded to a contact stress of approximately 7 GPa at the point of contact. The upper ball was silicon nitride with varied roughness. The three lower planetary balls and the race were AISI 52100. The point of contact was 1.96 mm above the surface of the lubricant and, as such, the lubricant did not flood the contact point. Instead, the rolling lower balls carried the lubricant into the contact point with the upper silicon nitride ball. Therefore, the reduced film thickness for a circular contact between spheres was used [22] . The film thickness ratio was calculated to be less than 1 (for all experiments). The RCF tests were concluded when the first spalling of the upper silicon nitride ball was detected by the accelerometer. In the event of fatigue of any planetary lower balls, their fatigue life was recorded, and the fatigued planetary ball was replaced. The test would then continue with the previously used, undamaged upper ball. This step was repeated until eventual fatigue of the upper ball, at which point the test series was concluded. The race was also inspected intermittently for fatigue damage and replaced if necessary.
The applicability of the RCF life results using a four-ball tester to the real bearing applications has been addressed in the literature by multiplying them by a stress cycle factor. The stress cycle factor was calculated to be 2.25 for a four-ball tester that uses balls with a diameter of 12.7 mm [23] . In another experimental study, a factor of 6 was determined for the same four-ball tester [24] . Since this paper compares the RCF life of the top silicon nitride balls with various roughness parameters, the stress cycle factor does not affect the comparison and is not considered in the representation of the fatigue life results.
Results
Data Analysis
The two-parameter Weibull distribution was chosen for the representation and analysis of fatigue test results, as described in detail in the literature [24] [25] [26] . The Weibull cumulative distribution function is typically represented as follows:
where α is the scale parameter, β is the shape parameter, and x refers to the number of cycles to failure. The scale parameter, also called the characteristic life, is the life that 63.2% of tested samples attain before failure, while the shape parameter gives an indication of the rate at which the tested samples achieve the failure criteria. The distribution function is converted to log-linear form by applying logarithms to both sides, yielding the following equation:
where the shape parameter β is the slope, while the term -βlnα represents the intercept in the plot of ln ln
against ln x. An approximation for the failure probability F(x) is obtained using the median ranks method. F i (x) = (i − 0.3)/(k + 0.4) represents the median rank values where i is the rank of each sample in ascending order of fatigue life and k is the number of samples tested. Since the Weibull cumulative distribution function yields the probability of failure, the reliability could be obtained by subtracting the probability of failure from the total probability of 1. From the reliability data, the L 10 life for each sample type could then be predicted.
RCF Life and Probablity of Failure
The RCF life results of original-finish silicon nitride balls for sample A (labeled A-SN) are illustrated in Figure 3 . The corresponding RCF life of AISI 52100 lower balls (labeled A-52100) rolling against the silicon nitride in sample A are shown in Figure 4 . As shown, the number of data points for upper balls is significantly less than those for the lower balls, due to the more frequent failure of the lower balls. In these charts, ln ln
is plotted against ln x, where F(x) is approximated by the median ranks and x is the life of each sample in cycles. The actual life data are highlighted on each graph, along with the Weibull best-fit regression data. The linear (Weibull) line connects the Weibull best-fit regression data. illustrated in Figure 3 Figure 5 shows the reliability of silicon nitride in samples A through F (labeled A-SN to F-SN) versus fatigue life. Here, reliability refers to the sample reliability, or the probability that a sample would survive a given number of cycles under the set loading conditions. The L10 life, the life at which 90% of samples survive, was calculated from the reliability data. Figure 6 exhibits the L10 life against the peak-to-valley roughness. As the peak-to-valley roughness increases, the L10 life decreases for every tested sample. In Figure 7 , the L10 life is compared with Ra and the results indicate that the average roughness does not consistently correlate with the L10 life for every single roughness data point. For two instances where there were increases in the average roughness, the corresponding life did not decrease. A similar plot was obtained when L10 life was compared with the root mean square Rq. Figure 5 shows the reliability of silicon nitride in samples A through F (labeled A-SN to F-SN) versus fatigue life. Here, reliability refers to the sample reliability, or the probability that a sample would survive a given number of cycles under the set loading conditions. The L 10 life, the life at which 90% of samples survive, was calculated from the reliability data. Figure 6 exhibits the L 10 life against the peak-to-valley roughness. As the peak-to-valley roughness increases, the L 10 life decreases for every tested sample. In Figure 7 , the L 10 life is compared with R a and the results indicate that the average roughness does not consistently correlate with the L 10 life for every single roughness data point. For two instances where there were increases in the average roughness, the corresponding life did not decrease. A similar plot was obtained when L 10 life was compared with the root mean square R q . The fatigue of silicon nitride balls was defined with the formation of the first spall, which was detected by a piezoelectric accelerometer. In Figure 8 , the spalling of silicon nitride sample A (Rz = 0.312 m) is shown. The spall area is roughly 250 × 350 µm 2 . The wear track also shows micropitting visible around the spalled region. The size of micropits is in the range of a few microns to a few ten microns. The micropits are randomly scattered on the wear track. The lower part of the image is the untested area outside the wear track with no micropitting. The fatigue of silicon nitride balls was defined with the formation of the first spall, which was detected by a piezoelectric accelerometer. In Figure 8 The fatigue of silicon nitride balls was defined with the formation of the first spall, which was detected by a piezoelectric accelerometer. In Figure 8 The size of the first fatigued spall was increased for rougher surfaces. For instance, in silicon nitride sample E (R z = 1.578 m), the spall area was 450 × 700 µm 2 . Also, micropitting and macropitting areas were present around the spall, as shown in Figure 9 , with a higher frequency of occurrence beyond the trailing edge of the spall. Within the spall, propagated cracks on various walls, i.e., side and trailing edge walls, and large propagated cracks at the trailing edge, were present. For silicon nitride sample E (R z = 3.720 m), the fist spall area was 600 × 950 µm 2 , as shown in Figure 10 . Severe micropitting and macropitting on the wear track beyond the trailing edge of the spall was observed. Also, large cracks on the trailing edge wall of the spall are shown in Figure 10c . The cracks on the side wall of the spall are shorter in length than those on the trailing edge wall as shown in Figure 10d .
The size of the first fatigued spall was increased for rougher surfaces. For instance, in silicon nitride sample E (Rz = 1.578 m), the spall area was 450 × 700 µm 2 . Also, micropitting and macropitting areas were present around the spall, as shown in Figure 9 , with a higher frequency of occurrence beyond the trailing edge of the spall. Within the spall, propagated cracks on various walls, i.e., side and trailing edge walls, and large propagated cracks at the trailing edge, were present. For silicon nitride sample E (Rz = 3.720 m), the fist spall area was 600 × 950 µm 2 , as shown in Figure 10 . Severe micropitting and macropitting on the wear track beyond the trailing edge of the spall was observed. Also, large cracks on the trailing edge wall of the spall are shown in Figure 10c . The cracks on the side wall of the spall are shorter in length than those on the trailing edge wall as shown in Figure 10d . 
Discussion
Role of Peak-to-Valley Roughness in Fatigue
The peak-to-valley roughness Rz, which was calculated by averaging the measured vertical distance from the highest peak to the lowest valley within five sampling lengths, contains information about the extreme features that affect the surface-initiated RCF life. As the experimental results presented in Figure 6 suggest, the rolling contact fatigue of silicon nitride decreased as the peak-tovalley roughness decreased, in a synchronized manner. This synchronized correlation was not established with other roughness parameters, such as Ra and Rq, which represent averages of all peaks and valleys of the roughness profile over the entire measurement length. In these roughness parameters, the extreme heights and valleys have no significant impact and, therefore, are not good representations of the RCF life of silicon nitride in conditions with marginal lubrication and significant asperity interactions, such as conditions encountered during the startup period of a bearing operation.
The microvalleys, which are better represented by the Rz value compared to the Ra and Rq values, have been shown to be the initiation sites for micropits in as-ground gears during contact fatigue. Also, the micropeaks that create localized high contact stresses on contacting surfaces can initiate microcracks leading to micropits in the mating surface under micro elastohydrodynamic lubrication 
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Role of Peak-to-Valley Roughness in Fatigue
The peak-to-valley roughness R z , which was calculated by averaging the measured vertical distance from the highest peak to the lowest valley within five sampling lengths, contains information about the extreme features that affect the surface-initiated RCF life. As the experimental results presented in Figure 6 suggest, the rolling contact fatigue of silicon nitride decreased as the peak-to-valley roughness decreased, in a synchronized manner. This synchronized correlation was not established with other roughness parameters, such as R a and R q , which represent averages of all peaks and valleys of the roughness profile over the entire measurement length. In these roughness parameters, the extreme heights and valleys have no significant impact and, therefore, are not good representations of the RCF life of silicon nitride in conditions with marginal lubrication and significant asperity interactions, such as conditions encountered during the startup period of a bearing operation.
The microvalleys, which are better represented by the R z value compared to the R a and R q values, have been shown to be the initiation sites for micropits in as-ground gears during contact fatigue. Also, the micropeaks that create localized high contact stresses on contacting surfaces can initiate microcracks leading to micropits in the mating surface under micro elastohydrodynamic lubrication (EHL) conditions [14, 27] . The rolling track of silicon nitride balls E (R z = 1.578 m) and F (R z = 3.720 m) showed that micropits were created at the edge of polishing marks, as shown in Figure 11 . The results are consistent with the notion that the initiation and growth of micropits from the notch-like microvalleys contribute to micropitting under cyclic loading [16] . (EHL) conditions [28, 29] . The rolling track of silicon nitride balls E (Rz = 1.578 m) and F (Rz = 3.720 m) showed that micropits were created at the edge of polishing marks, as shown in Figure 11 . The results are consistent with the notion that the initiation and growth of micropits from the notch-like microvalleys contribute to micropitting under cyclic loading [30] .
(a) (b) Figure 11 . Micropitting at the end of polishing marks in (a) sample E (Rz = 1.578 m) and (b) sample F (Rz = 3.720 m).
The size of the first spall in silicon nitride ball samples increased as the roughness of the surface increased. Also, the spall region in rougher surfaces exhibited longer cracks at the trailing edge wall of the spall. As the literature suggests, as the ball moves through the spall length, it partially impacts the spall trailing edge as it climbs onto the intact rolling track. The impact creates stresses additional to the contact stresses and results in severe crack propagation and fatigue of the trailing edge wall. As a result, the spall is propagated and enlarged in the circumferential direction of the trailing edge [31] . The extensive micropitting and macropitting of the rolling track beyond the trailing edge, as shown in Figure 9a and Figure 10a for samples E (Rz = 1.578 m) and F (Rz = 3.720 m), may be explained in terms of the instability of the ball as it moves through the spall. The movement involves unloading The size of the first spall in silicon nitride ball samples increased as the roughness of the surface increased. Also, the spall region in rougher surfaces exhibited longer cracks at the trailing edge wall of the spall. As the literature suggests, as the ball moves through the spall length, it partially impacts the spall trailing edge as it climbs onto the intact rolling track. The impact creates stresses additional to the contact stresses and results in severe crack propagation and fatigue of the trailing edge wall. As a result, the spall is propagated and enlarged in the circumferential direction of the trailing edge [28] . The extensive micropitting and macropitting of the rolling track beyond the trailing edge, as shown in Figures 9a and 10a for samples E (R z = 1.578 m) and F (R z = 3.720 m), may be explained in terms of the instability of the ball as it moves through the spall. The movement involves unloading of the ball and the associated vibration and impact on the trailing edge of the spall, which can be extended to the regions right beyond the trailing edge.
State of Lubrication and Reduced Film Thickness
Since the point of contact between the upper and lower balls in the four-ball test setup was slightly above the level of the lubricant pool, the lubrication was not flooded. The lubricant was provided to the contact point by rolling of the lower balls in the pool that carried it to the contact point. In such situations, the "reduced" film thickness was calculated based on a formula in the literature [7] .
The calculated central film thickness is shown in Table 3 . The value of λ indicates marginal lubrication and significant asperity contact between surfaces. The low lambda (λ) values associated with "reduced" film thickness in this investigation resulted in a shortened fatigue failure life of silicon nitride by nearly one order of magnitude compared to other studies with similar materials, loading, and speed conditions in the central film thickness calculations [2] . Nevertheless, the comparative assessment of the role of roughness parameters on the RCF life is not affected by the state of marginal lubrication in this study.
Conclusions
Experimental results show that the L 10 RCF life of Si 3 N 4 rolling elements against AISI 52100 steel under lubricated conditions decreases as the peak-to-valley roughness R z of the surface increases. Although the same general trend of decreasing RCF life with increasing arithmetic mean roughness R a was observed, the correlation between the RCF life and R a was not synchronized. In two cases, the rolling contact fatigue life did not decrease as the arithmetic mean roughnesses increased. Rougher silicon nitride balls also experienced larger spalled regions. Also, in rougher surfaces, a region with significant micropitting at the trailing edge of the spall was observed. Additionally, the spalled region of rougher surfaces contained larger and more frequent propagated cracks at the trailing edge wall. 
